We studied the expression of BRCA1, ERCC1, and RRM1 which play an important role in DNA repair systems in breast cancer. Immunohistochemical staining for EGFR, BRCA1, ERCC1, and RRM1 were performed by using a tissue microarray made from 230 breast cancer patients. Patients were classified into luminal A, luminal B, HER-2, and triple negative breast cancer (TNBC) types according to ER, PR, and HER-2 expression. The expression of ERCC1, RRM1, and BRCA1 were correlated (P < 0.05). The expression level of ERCC1 was the lowest in TNBC type (P = 0.031), ERCC1 negativity was more prominent in TNBC and luminal B groups than luminal A and HER-2 groups (P = 0.013). Cases with EGFR overexpression showed high expression of RRM1 and BRCA1 (P = 0.046, and 0.004, respectively). In conclusion, the expression of ERCC1 is particularly lower in TNBCs than other types of breast cancers.
INTRODUCTION
Breast cancer is one of the most heterogeneous tumors presenting various histology, behavior, and outcome. There are many different treatment modalities for breast cancer, including drug therapy according to the characteristics of the tumors after surgery. Prototypes of drug therapy are tamoxifen for breast cancers that express hormone receptors and trastuzumab for those with HER-2 overexpression. However, there is no specific targeted therapy for triple negative breast cancer (TNBC) without the expression of hormone receptors or HER-2 until now.
Possible targeted therapies for TNBC include cytotoxic chemotherapy that causes interstrand breaks (platinum-based drugs) (1), PARP1 inhibitor (2), EGFR tyrosine kinase inhibitor (3) , and c-kit tyrosine kinase inhibitor (3) . Lately, clinical trials for cytotoxic chemotherapy that causes interstrand breaks have been conducted. Platinum-based chemotherapeutic agents cause DNA monoadducts and intrastrand cross-link (4), which induces normal cells to correct DNA adducts through DNA repair systems. However, TNBCs have abundant DNA aberration, suggesting a defective DNA repair system (5) . BRCA1 is one of the important factors in this DNA repair system. It is involved in homologous recombination repair, non-homologous repair, and nucleotide excision repair, which are critical DNA repair systems (6) . Hereditary BRCA1-associated breast cancer with germ line mutation of BRCA1 gene accounts for only 5% of all breast cancers (7) , and BRCA1 mutation is rare in sporadic breast cancers (8) .
However, there are considerable similarities in morphologic phenotypes and molecular features (e.g. ER negativity, high nuclear grade, high Ki-67 staining, CK5/6 expression, and EGFR expression) between sporadic TNBCs and BRCA1 related breast cancers related to BRCA1 mutation carrier (9, 10) . Also, the possibility of dysfunctional BRCA1 pathway without BRCA1 somatic mutation in the sporadic breast cancer is raised by the findings of significantly low BRCA1 protein expression in ER(-), PR(-), and basal-like phenotypes, considerably low BRCA1 mRNA expression in basal-like sporadic breast cancers, and high level of ID4, a negative regulator of BRCA1, in sporadic basal-like breast cancers (11) .
We examined the expression of BRCA1, ERCC1, and RRM1 which play an important role in DNA repair systems in breast cancer according to immunohistochemical phenotypes and investigated a possibility of their predictive role in chemotherapy that causes DNA interstrand breaks in breast cancer.
MATERIALS AND METHODS

Patient selection
From the Department of Pathology of Severance Hospital, we retrieved tissue samples of patients with invasive ductal carcinoma of the breast, which were filed between January 2000 and December 2001. Formalin-fixed and paraffin-embedded tissue specimens from 230 patients with primary breast cancer were included. All archival hematoxylin and eosin (H&E)-stained slides for each patient were reviewed by two pathologists. The histological grade was assessed using the Nottingham grading system (12), and nuclear grade was evaluated according to the modified Black's nuclear grade (1 = low grade, 2 = intermediate grade, and 3 = high grade) (13) . Histologic parameters were evaluated using the H&E-stained slides. Histologic parameters such as histologic subtype, nuclear grade and histologic grade were evaluated using H&E-stained slides. Clinical parameters included patient age at initial diagnosis, tumor stage of American Joint Committee on Cancer (AJCC) criteria, lymph node status, local recurrence, systemic recurrence, and patient survival.
Tissue microarray
On each H&E-stained slide, a representative area was selected and a corresponding spot was marked on the surface of the paraffin block. Using a biopsy needle, the selected area was punched out and a 3-mm tissue core was placed into a 6 × 5 recipient block. Two tissue cores of invasive component were extracted to minimize extraction bias. Each tissue core was assigned with a unique tissue microarray location number that was linked to a database containing other clinicopathologic data.
Immunohistochemistry (IHC)
All immunostainings were performed using formalin-fixed, paraffin-embedded tissue sections. Five micrometer-thick sections were obtained by using a microtome, transferred to adhesive slides, and dried at 62°C for 30 min. The sections were then placed in a glass jar with 10 mM citrate buffer (pH 6.0), and they were irradiated in a microwave oven for 15 min. The sections were allowed to cool in the jar at room temperature for 20 min. The slides were then rinsed with Tris buffered saline (TBS). A blocking reagent was added for 10 min after quenching the endogenous peroxidase activity in 0.3% hydrogen peroxide for 10 min. 
RESULTS
Clinicopathologic features of breast cancer
Clinicopathologic characteristics of breast cancers in this study are summarized in Table 1 . Sixty patients (26.0%) were classified as TNBCs, 28 patients (12.2%) as HER-2 types, 119 patients (51.7 %) as luminal type A, and 23 patients as luminal type B (10.0%) in a total of 230 patients. Medullary carcinomas and metaplastic carcinomas were highly relevant to TNBCs (P < 0.001). TNBCs and HER-2 types show higher nuclear grade (P < 0.001), and TNBCs show higher histologic grade than other types (P < 0.001).
Immunohistochemical findings for EGFR, BRCA1, ERCC1, and RRM1 in breast cancer
The immunohistochemical stain results of EGFR, BRCA1, ERCC1, and RRM1 are shown in Fig. 1 , and Table 2 . EGFR overexpression was observed in 21 patients (9.1%). Fourteen of them (66.7%) were TNBC type, and no EGFR overexpression was observed in luminal type B (P < 0.001). ERCC1 positivity was higher in luminal type A (69.7%). In contrast, TNBC and luminal type B cancers tended to be negative for ERCC1 (51.7% and 56.5%, respectively, P = 0.013). RRM1 expression was not significantly different between the subtypes of breast cancers (P = 0.301). Cytoplasmic BRCA1 expression was noted in 84 (36.5%) cases and nuclear BRCA1 expression was noted in 57 (24.7%) cases. Cytoplasmic and nuclear BRCA1 ex- pression were not significantly different between the subtypes of breast cancers (P = 0.320, and 0.064, respectively). In analysis of ERCC1, RRM1, and BRCA1 by continuous variable of expression index (%), ERCC1 showed the lowest mean for TNBCs and the highest mean for luminal type A (P = 0.031), and RRM1 showed the lowest mean for luminal type A and the highest mean for HER-2 type (P = 0.001).
The relation among EGFR, ERCC1, RRM1, and BRCA1 expressions is shown in Table 3 . RRM1 and cytoplasmic BRCA1 expression indices were higher when EGFR was overexpressed (P = 0.046 and 0.004, respectively). The positivity of ERCC1, RRM1, and cytoplasmic BRCA1 were significantly related to each other (P < 0.05, Table 3 ). Nuclear BRCA1 expression index was significantly higher when ERCC1 was positive (P = 0.003). Moreover, ERCC1, RRM1, and BRCA1 expression indices were significantly related (Fig. 2) .
Impact of clinicopathologic and immunohistochemical parameters on time to disease recurrence and time to overall survival
Disease free survival and overall survival according to clinicopathologic and immunohistochemical parameters are shown in Table 4 . A group with lymph node metastasis showed shorter disease free survival (P = 0.009), and a group with positive estrogen receptor showed longer overall survival than negative estrogen receptor (P = 0.014). However, there was no relation among the expression of BRCA1, ERCC1, and RRM1, disease free survival, and overall survival.
DISCUSSION
In this study, EGFR overexpression was observed in 9.1% out of 230 breast cancers and in 66.7% of TNBCs (P < 0.001). This could be expected from the fact that EGFR, like cytokeratin 5/6, is known as a surrogate marker of basal-like breast cancer (3), and basal-like breast cancers are fairly overlapped with TNBCs. EGFR overexpression rate in TNBCs has been reported to be 56%-84% (14, 15) , which is higher than this study. However, it is difficult to directly compare others' results with this study because different EGFR staining antibodies were used, thus different positive criteria. In this study, there was no EGFR overexpression in luminal type A and type B, but 14.3% of HER-2 type breast cancers showed EGFR overexpression in this study. About 15%-45% of basal-like breast cancers classified by microarray-based expression profiling analysis can express one of ER, PR, and HER-2 in immunohistochemical staining (3, 16, 17) . Therefore, not com- pletely coincident with TNBCs, basal-like breast cancers, which may show EGFR overexpression, can partly exist in HER-2 type. ERCC1 negativity was higher in TNBC and luminal type B than HER-2 and luminal type A (P = 0.013), and the expression index of ERCC1 was the lowest in TNBCs (P = 0.031). In particular, TNBCs without adequate targeted therapy besides surgery until now showed higher negativity rate for ERCC1 than that of all breast cancers.
ERCC1 is an endonuclease which plays an important role in repair of DNA double strand break (18) . Recently, the correlation between ERCC1 expression and repair of cisplatin-induced DNA adducts has been suggested (19, 20) . ERCC1 has an ability to repair DNA adducts in the presence of platinum-based drugs such as cisplatin (21) . Therefore, better therapeutic response can be expected for platinum-based drugs in tumors with low ERCC1 expression. Actually, some reports have shown better response with platinum-based chemotherapy in the case of low ERCC1 expression in human ovarian cancer cell line (22) , gastric cancer (19) , colorectal cancer (20) , and especially, non-small cell lung cancer (23) . However, to our knowledge, expression of ERCC1 in breast cancers has not been sufficiently studied (24, 25) .
In this study, ERCC1 negativity rate was higher in TNBC compared to all study population, and the expression index of ERCC1 is lowest in TNBC. So, the possibility of the use of platinum-based drug as treatment modality for TNBC can be expected which was supported by a phase II clinical trial for neoadjuvant cisplatin chemotherapy in 22 TNBC patients, showing almost 64% response rate and 22% pathologically complete response (26) . So, more clinical trials are needed to examine the correlation between ERCC1 expression and response to platinum-based drug therapy.
RRM1 and BRCA1 also have roles in DNA repair systems like ERCC1 does. In this study, RRM1 showed higher expression index than ERCC1 and BRCA1 in breast cancers. Previous study reported higher RRM1 protein expression than ERCC1 and BRCA1 in metastatic breast cancers (24) . However, the direct comparison of the result of present study to that of previous study is difficult because previous study showed the expression range but this study demonstrated expression index. BRCA1 was negative in 58.7% of breast cancers in this study. Considering that only 5% of all breast cancers were related to BRCA1 mutation, the percentage of BRCA1 negative breast cancers in this study is very high. Previous reports on the correlation between BRCA1 gene status and BRCA1 immunohistochemistry showed that the sensitivity and specificity for BRCA1 gene mutation widely varied according to antibody type (27, 28) . Since this means BRCA1 immunohistochemistry is a restrictive method to detect of BRCA1 gene mutation, it is inadequate to correlate immunohistochemical staining result for BRCA1 with BRCA1 gene mutation status.
We found that breast cancers with EGFR overexpression show higher expression rate of RRM1 and BRCA1 (P = 0.046, and 0.011, respectively), which is supported by a finding that EGFR-mediated signal pathway up-regulates DNA repair proteins (29) . Also, an analysis of 84 cases with cytoplasmic expression out of 96 BRCA1 positive cases corresponds with a previous article showing a significant relation between cytoplasmic BRCA1 expression on immunohistochemistry and EGFR expression (30) . Not knowing the exact mechanisms, there seems to be a correlation between altered BRCA1 expression and EGFR overexpression. In addition, the altered BRCA1 expression was associated with shorter disease free survival (30) . We found a significant correlation between ERCC1, RRM1 and BRCA1 expression in this study, which is consistent with previous reports (24, 25) . Defective BRCA1 genes caused up-regulation of RAD52 and XRCC4, and down-regulation of ERCC1 and RRM1 as a kind of compensation (25) .
In conclusion, the expression of ERCC1, RRM1, and BRCA1 are closely associated with one another in breast cancers. The expression of ERCC1 is particularly lower in TNBCs than other types of breast cancers.
